In the northwest section of the lesser Khingan range, located in the high-latitude permafrost region of northeast China, landslides are a frequent occurrence, due to permafrost melting and atmospheric precipitation. Highdensity resistivity (HDR) and ground-penetrating radar (GPR) methods are based on soil resistivity values and characteristics of radar wave reflection, respectively. The combination of these methods, together with geological drilling, can be used to determine the stratigraphic distribution of this region, which will allow precise determination of the exact location of the sliding surface of the landslide. Field test results show that the resistivity values and radar reflectivity characteristics of the soil in the landslide mass largely differ from those of the soil outside the mass. The apparent resistivity values exhibit abrupt layering at the position of the sliding surface, with a sudden decrease in apparent resistivity. In addition, the radar wave shows strong reflection at the position of the sliding surface, where the amplitude of the radar wave exhibits a sudden increase. Drilling results indicate that the soil has high water content at the location of the sliding surface of the landslide mass in the study area, which is entirely consistent with the GPR and HDR results. Thus, in practice, sudden changes in apparent resistivity values and abnormal radar wave reflection can be used as a basis for determining the location of sliding surfaces of landslide masses in this region.
Introduction
In recent decades, geophysical investigations for assessing stratigraphic distribution have become a common tool in geological research. In situ geophysical techniques are able to measure physical parameters directly or indirectly linked with the lithological, hydrological and geotechnical characteristics of the terrains related to the movement (McCann and Forster 1990; Hack 2000; Benedetto et al. 2013 ). These techniques, less invasive than direct ground-based techniques (i.e., drilling, inclinometer, laboratory tests), provide information integrated on a greater volume of the soil, thus overcoming the point-scale feature of classical geotechnical measurements. Among the in situ geophysical techniques, the high-density resistivity (HDR) and groundpenetrating radar (GPR) methods have been increasingly applied for landslide investigation (McCann and Forster 1990; Malehmir et al. 2013; Timothy et al. 2014) .
HDR is based on the measure of electrical resistivity and can provide 2D and 3D images of its distribution in the subsoil. It is one of the standard methods of geophysical prospecting for investigating shallow geological problems (Cardarelli et al. 2003; Yamakawa et al. 2010; Donohue et al. 2011; Sauvin et al. 2014) . Current applications of HDR focus on landslide recognition and permafrost detection, while investigations on debris thickness in arctic and alpine environments are comparatively sparse (Carpentier et al. 2012; Donohue et al. 2011; Perrone et al. 2014) . GPR is based on the measure of reflection of radar waves in the subsoil, and is largely focused on the fields of natural resource exploration, hydrogeology, engineering and archaeological investigation (Sass 2007; Sass et al. 2008; Schrott and Sass 2008; Zajc et al. 2014) .
HDR and GPR are useful for determining characteristics such as the landslide main body, geometry, and surface of rupture, and have been used in landslide investigations since the late 1970s (Hack 2000; Havenith et al. 2000; Bichler et al. 2004; Drahor et al. 2006; Rhim and Chul 2011) . However, the applicability of the various geophysical methods, including regional limitations and reliability, in estimating stratum thickness and sliding surface location of landslides in high-latitude permafrost regions in northeast China has not been addressed in detail. Applications of geophysical prospecting on landslides in cold regions of the lesser Khingan range of China have been rare.
Using landslide K178 ? 530 as an example, in this paper we present a combination of traditional methods (drilling and mapping) and geophysical techniques (HDR and GPR) applied to the landslide in the lesser Khingan range of northeast China in order to investigate the thickness and internal structure of the landslides that occur frequently as a result of melting permafrost and atmospheric precipitation, in an effort to ascertain the applicability of HDR and GPR on this regional type of landslide.
Study area
The Bei'an-Heihe Highway is located in the northwest section of the lesser Khingan range of northeast China, between east longitude 127°17 0 31 00 -127°21 0 24 00 and north latitude 49°30 0 57 00 -49°41 0 50 00 (Fig. 1 ). This area is situated on the southern fringe of China's high-latitude permafrost region and has typical periglacial landforms. The discontinuous permafrost in this region belongs to residual paleoglacial deposition and is currently in degradation. Hence, the geological conditions are extremely unstable (Shan et al. 2015) . A 2010 survey conducted in conjunction with a project for widening the Bei'an-Heihe road and construction of the Bei'an-Heihe Highway showed that four landslides occurred in the K177 ? 400-K179 ? 200 section within 10 m of the left of the roadbed, with a combined surface area of over 2000 m 2 , as illustrated in Fig. 1 (the four landslides are located in the A, B, C and D positions, respectively, with C indicating landslide K178 ? 530). Figure 1 shows the geologic and geomorphic map of the landside road section of the study area plotted from a field survey conducted in June 2010.
The geological structure of the study area belongs to the Khingan-Haixi fold belt. From the bottom up, the stratigraphy comprises Cretaceous mudstone, Tertiary pebbly sandstone, silty mudstone and powdery sandstone. From the late Tertiary to the early Quaternary, the lesser Khingan range experienced block uplift. Due to long-term erosion and leveling, loose sediments on the summit and slope of the hills have gradually thinned, and the current residual layer is generally only 1-2 m thick. The loose deposits accumulate mainly in the basin and valley areas between mountains, with a thickness of about 10 m. The soil is mainly composed of clayey silt, mild clay and gravelly sand, and the surface is covered with a relatively thick layer of grass peat and turf. The surface vegetation is grassland and woodland, and there are inverted trees in the woodlands.
Landslide K178 ? 530 on the Bei'an-Heihe Highway is located at the widened embankment on the left side of the road, as shown in Fig. 2 . The roadbed and surface soil slide together along the valley, with the farthest slip 200 m from the road. The landslide mass has a flat tongue shape, is 20-30 m wide, and covers an area of approximately 6000 m 2 . The distance between the leading and trailing edges is 200 m. The height of the leading edge is 254 m, and that of the trailing edge is 285 m. The leading edge of the landslide pushes the soil on the original ground surface and slides forward together with it. The trailing edge of the landslide has an arc-shaped dislocation, which is located inside the range of the widened embankment.
Four engineering geological boreholes were drilled into the K178 ? 530 section for prospecting purposes. The depths of the boreholes ranged from 14 to 26 m, and the borehole distribution is shown in Fig. 3 . The drilling revealed soil distribution along the profile, from top to bottom, of Quaternary loose soils, Tertiary pebbly sandstones, siltstones and Cretaceous mudstones. The geological profile is illustrated in Fig. 5 .
Embankment: yellow, mainly composed of loosely mixed Tertiary pebbly sandstones, Cretaceous mudstones and sandy mudstones; soil is loose when dry, plastic when saturated with water. Clay: yellow, soft and plastic, of high strength and toughness when dry. The upstream region of the landslide mass has a depth distribution of 1.5-3.8 m. The downstream region has depth distribution of 0-6.7 m, and there is more than one sandwiched grit layer; the thickness of a single layer is approximately 1-10 cm, which greatly enhances the water seepage capacity of the soil.
Tertiary pebbly sandstones: distributed in the embankment at a depth of 2.0-3.4 m and in the upstream region of the landslide mass at a depth of 3.8-4.5 m, all weathered, composed mainly of feldspar stone and mineral sands, well-graded, highly permeable. Fully weathered siltstones: yellow, distributed in the upstream region of the landslide mass at a depth of 4.5-9.7 m, sandy, of bedding structure and poor water seepage capacity.
Fully weathered mudstone: yellow or gray-green, pelite, of layered structure, easy to soften with water, with poor water seepage capacity. Strongly weathered mudstones: dark gray, pelite, of layered structure, weakly cemented rock. Moderately weathered mudstones: brown, black and gray, pelite, layered structure.
Methods
In this paper, we present combination HDR and GPR geophysical techniques applied to landslide K178 ? 530 on the Bei'an-Heihe Highway in the lesser Khingan range of northeast China. Survey lines were established as shown in Fig. 4 .
HDR method
The instrument used in this study was the WGMD-9 Super HDR system (Chongqing Benteng Digital Control Technical Institute, Chongqing, China). With this system, the WDA-1 super digital direct current electric device is used as measurement and control host, and with the optional WDZJ-4 multi-channel electrode converter, centralized high-density cables and electrodes, centralized two-dimensional HDR measurement can be achieved. The inversion of the apparent resistivity data sets that were obtained was performed using the RES2DINV software package, which produces a two-dimensional subsurface model from the apparent resistivity pseudo-section (Loke and Barker 1996) . Data were acquired using a Wenner configuration. The method is based on the smoothnessconstrained least-squares inversion of pseudo-section data (Tripp et al. 1984; Sasaki 1992; Loke and Barker 1996) . In this algorithm, the subsurface is divided into rectangular blocks of constant resistivity. The resistivity of each block is then evaluated by minimizing the difference between observed and calculated pseudo-sections using an iterative scheme. The smoothness constraint leads the algorithm to yield a solution with smooth resistivity changes. The pseudo-sections can be calculated by either finite-difference or finite-element methods (Coggon 1971; Dey and Morrison 1979) . In this case, a finite-element scheme was employed due to the topographical changes in the field. The smoothness-constrained least-squares method used in the inversion model is essentially a method in which the model resistivity is constantly adjusted through model correction in order to reduce the difference between the calculated apparent resistivity and the measured resistivity, and to describe the degree of fit between the two using the mean squared error. This method has been widely applied, and has a number of advantages, including adaptability to different types of data and models, a relatively small influence of noise on the inversion data, high sensitivity to deep units, rapid inversion, and a small number of iterations. In tests using the HDR method, the spacing between unit electrodes was 3.0 m, and the maximum exploration depth of the survey lines was 30 m.
On the road section of landslide K178 ? 530, a total of three HDR survey lines, I-I 0 , II-II 0 and III-III 0 , were established, as shown in Fig. 4 . The measuring date was 3 September 2012.
GPR method
The GPR instrument used was the RIS-K2 FastWave Ground Penetrating Radar (IDS Ingegneria Dei Sistemi S.p.A., Pisa, Italy). The radar antenna was a low-frequency 40-MHz unshielded dual antenna. The detection time window was set to 600 ns, the sampling rate to 1024, and the data acquisition track pitch was 0.05 m. Two GPR survey lines were established, as shown in Fig. 4 , with positions coinciding with those of the HDR survey lines, but with different start and end points. The two survey lines (I-I 0 and II-II 0 ) were 150 and 118 m in length, respectively. The date of measurement was 1 October 2013. GPR raw data were processed using REFLEXW scientific software (Sandmeier geophysical research, Karlsruhe, Germany). Coordinates for each trace were calculated at equal distances. The surface signal reflection was set to the zerotime position. Low frequencies and noise in the spectrum were filtered using a de-wow and bandpass filter. Next, temporally consistent signals were eliminated utilising background removal, and topographic correction was To better analyze how soil resistivity changes with depth, RES2DINV software can be used to extract the resistivity curve value of any point on the survey line. Figure 6 illustrates soil resistivity versus depth curves at boreholes ZK1 and ZK2. Taken together with the drilling result, changes in the characteristics of soil resistivity are analyzed as follows.
Borehole ZK1 is 115 m from the starting point of the HDR survey line. At a depth of 0-2.1 m, the soil is silty clay and rather loose, containing approximately 15 % grass roots and other organic matter. Resistivity values range from 25 to 45 Ohm m. At a depth of 2.1-6.7 m, the soil is silty clay, and there are local weathered sand layers. Resistivity values range from 45 to 65 Ohm m. At a depth of 6.7-8.0 m, the soil is yellow mudstone. The permeability coefficient is small, and it is difficult for the water to infiltrate downward, forming a watertight layer, and water easily gathers here. The resistivity value is relatively low, 20-30 Ohm m. At a depth of 8.0-26 m, the soil is gray mudstone, close to or below the water table. The resistivity value is relatively low, 10-25 Ohm m. As shown in the curve, silty clay contacts mudstone at a depth of 6.7 m, and resistivity exhibits apparent layering, with a sudden decrease in resistivity value.
The borehole ZK2 is 175 m from the starting point of the survey line. At a depth of 0-4.5 m, the soil is rather loose. Resistivity values range from 45 to 80 Ohm m. The resistivity of the surface embankment soil dominated by silty clay (depth 0-3.8 m) ranges from 60 to 80 Ohm m, and that of gravelly sand (depth 3.8-4.5 m) ranges from 45 to 60 Ohm m. At a depth of 4.5-9.7 m, the soil is siltstone and composed of rather small particles. The permeability is poor, forming a watertight layer, with water easily gathering here. The resistivity value ranges from 25 to 35 Ohm m. At a depth of 9.7-14.6 m, the soil is sandstone, and resistivity values range from 15 to 25 Ohm m. As is evident in the curve, gravelly sand contacts siltstone at a depth of 4.5 m, and there is apparent resistivity layering, with a sudden decrease in resistivity value.
To better understand the changes in soil resistivity at different positions of line I-I 0 , RES2DINV software was used to extract soil resistivity curves at points A, B, C, D, E, F and G on the survey line (Fig. 5) . The horizontal distances from A, B, C, D, E, F and G to the starting point of line I-I 0 are 80, 100, 120, 140, 160, 180 and 200 m, respectively. The soil resistivity curves obtained are shown in Fig. 7 . At position A, the soil resistivity value decreases abruptly at a depth of 4.5 m. In other words, soil resistivity values at this depth exhibit abrupt stratification. We can thus determine that the sliding surface is located at a depth of 4.5 m. Similarly, the depths of the sliding surface at points B, C, D, E, F and G on line I-I 0 were determined to be 5, 4.7, 5.5, 6.5, 6, and 5.5 m, respectively.
The above-mentioned HDR profiles and resistivity curves show that soil resistivity values above and below the sliding surface of the landslide mass are clearly different and exhibit abrupt stratification. Based on this typical characteristic of the sliding surface, the positions of the Fig. 5 . The type of sliding for this landslide was characterized as propelled sliding, and the sliding power originated from the trailing edge of the landslide. The slip rate of the trailing edge was the greatest, followed by the middle part of the landslide; the minimum slip rate occurred at the leading edge (Shan et al. 2015) . As a result, secondary sliding occurred in the landslide mass. By combining the changes in soil resistivity values for different positions in the landslide mass and drilling exploration, we obtained the secondary sliding surface, as shown by the thin black dashed line in Fig. 5 .
Survey line II-II

0
The measured apparent electrical resistivity profile of survey line II-II 0 is shown in Fig. 8 , and the soil resistivity curves of points C, D, ZK1, E and F along line II-II 0 are shown in Fig. 9a . The distances from C, D, ZK1, E and F to the starting point of the survey line are 80, 85, 90, 95 and 100 m, respectively. Based on Figs. 8 and 9a, we can determine the changes in soil resistivity value, which reveal apparent resistivity layering at the depths of the sliding surfaces, with a sudden decrease in resistivity value. Based on this characteristic of the sliding surface, the positions of the sliding surfaces along line II-II 0 were deduced, as shown by the black dotted line in Fig. 8 . From the changes in soil resistivity values, we can infer that the depths of the sliding surfaces at positions C, D, ZK1, E and F on line II-II 0 are 4, 6, 6.5, 5.5 and 3.5 m, respectively. Figure 9b shows the soil resistivity curves of positions A, B, G and H (all outside the landslide mass) on survey line II-II 0 . The distances from A, B, G and H to the starting point of the survey line are 40, 60, 110 and 130 m, respectively. As can be seen in Fig. 9b , the soil resistivity values of the stable soil body outside the landslide showed Landslide investigations in the northwest section of the lesser Khingan range in China using… 597 stratification only in the loose surface layer. As depth increased, resistivity exhibited a largely monotonic decline, and there was no abrupt stratification. This landslide belongs to a recurring old landslide that slipped again (Shan et al. 2015) . The black dashed line in Fig. 8 shows the current sliding surface. Based on the site geological survey, combined with characteristics of resistivity changes, we can infer the position of the sliding surface for the paleo-landslide, as shown by the yellow dashed line in Fig. 8 .
GPR
Survey line I-I 0
The profile determined by the GPR survey line I-I 0 is illustrated in Fig. 10 (due to field constraints, this GPR survey line can only be used to measure this long section). The use of the layer picking option (phase follower) in the REFLEXW software can search continuous reflector, as shown in Fig. 10 (thick red dashed line) . The intensity of the radar wave reflection differed significantly from that of the surrounding medium. The reflected wave signal is strong and shows distinctive horizon characteristics, presenting a low-frequency high-amplitude sync-phase axis, which can be inferred as the sliding surface. The continuity of the sliding surfaces is good, reflecting the depth range of the landslide mass development (Telford et al. 1990; Daniels 2004; Jol 2009 ).
With the use of REFLEXW radar data processing software, radar wave amplitude values can be extracted for all of the data acquisition track points in the profile at various depths. In order to better understand the changes in the intensity of the reflected radar waves, radar wave amplitude curves at positions A, B, ZK2, C, D, E, ZK1, F and G (as shown in Fig. 10 ) on survey line I-I 0 were plotted, as shown in Fig. 11 . A higher radar wave amplitude indicates a greater intensity of the reflected radar wave (Telford et al. 1990; Benedetto et al. 2013) . As can be seen in Fig. 11 , because the surface soil body is rather loose in this area, most curves showed relatively large amplitudes in a depth range of 0-2.5 m. In position A, at a depth of 4.5 m, the radar wave amplitude increased substantially, exhibiting an abrupt change. Based on the characteristic differences in radar wave reflection among different types of soil bodies (Telford et al. 1990; Benedetto et al. 2013) , we can infer that the soil moisture content in this position was relatively high, and thus the position of the sliding surface of the landslide mass can be deduced. Similarly, in positions B, ZK2, C, D, E, ZK1, F and G on line I-I 0 , an abrupt increase in radar wave amplitudes occurred at depths of 4.7, 4.7, 5.5, 5.5, 6.7, 6.5, 5.6 and 5 m, respectively, and the position of the sliding surface can be inferred. This is very close to the position of the sliding surface as denoted by the thick red line in Fig. 10 .
Survey line II-II
0
The measured GPR profile of survey line II-II 0 is illustrated in Fig. 12 . The red dotted line on the profile is the lowfrequency high-amplitude sync-phase axis, and is determined to be the sliding surface of this profile, reflecting the depth range of the landslide mass development.
Using REFLEXW radar data processing software, we can obtain radar wave amplitude curves at positions A, B, C, D, ZK1, E, F, G and H (as shown in Fig. 12 ) on survey line II-II 0 , as shown in Fig. 13 . Here we can see that because the surface soil body is rather loose in this area, most curves show relatively large amplitudes in a depth range of 0-2.5 m. In positions D, ZK1 and E, which are all on the landslide mass, a sudden and substantial increase in radar wave amplitude occurred at depths of 3.5, 6.5 and 3.2 m, respectively. Based on characteristic differences in radar wave reflection in different types of soil bodies (Telford et al. 1990; Benedetto et al. 2013) , we can infer that the soil moisture content in this position is relatively Radar wave amplitude value(×10 3 )
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Radar wave amplitude value(×10 3 ) high, and thus we can deduce the position of the sliding surface of the landslide mass. This position is about the same as that denoted by the red dashed line in Fig. 12 . Positions A, B, G and H were all located outside the landslide mass. Abrupt changes in radar wave amplitude were exhibited only in the surface layer, i.e., at depths of 0-2.5 m; at greater depths, no abrupt changes were observed in radar wave amplitude curves. As shown in Fig. 13 , in positions C, D, ZK1, E and F, amplitude values were substantially increased, exhibiting abrupt change, at depths of 6, 9.5, 9, 7 and 3.5 m, respectively. These positions can be used to deduce the position of the sliding surface of the paleo-landslide, as denoted by the yellow dashed lines in Fig. 12 . The magnitude of the abrupt change in radar wave amplitudes was smaller at the position of the sliding surface of the paleolandslide than that of the current sliding surface.
The GPR results show that the moisture content of soils at the sliding surface of the landslide mass is relatively high. The drilling data also show very high moisture content of the sliding surface of the landslide mass in the study area, which is completely consistent with the results obtained from the GPR and HDR profiles.
Analysis of the mechanism underlying landslide development
In May 2010, a geological survey of the study area revealed permafrost in the shady slopes on the two sides of the landslides in this area (Shan et al. 2015) . Permafrost was found by drilling on the profile of the survey line III-III 0 , as shown in the permafrost soil sample photos in Fig. 14. In addition, the HDR method was used on 2 June 2010 for prospecting on the profile of survey line III-III 0 . Based on soil resistivity characteristics (Telford et al. 1990) , we can infer the range of the permafrost layer on the profile of survey line III-III 0 . The measured apparent electrical resistivity profile of survey line III-III', obtained as of 2 June 2010, is shown in Fig. 15 (black dotted line) .
As a result of permafrost melting and concentrated summer rainfall, soil slippage began at the end of July 2010, and the landslide was formed (Shan et al. 2015) . Site surveys and borehole drilling data demonstrate that landslide K178 ? 530 is a shallow creeping consequent landslide in the permafrost region. Water seepage generated by the melting of permafrost, together with water infiltration from concentrated summer precipitation, increases the local moisture content of the hillside soil. This is the main reason for landslide formation in the northwest region of the lesser Khingan range in China. Instability may easily occur in the rainy season and the spring melting season. The relatively large number of bulging cracks on the landslide mass allow water to easily accumulate and infiltrate downward. The highly permeable surface soil, gravel and sand layer, and silty clay containing a weathered sand interlayer provide a convenient channel for water infiltration. The mudstone and siltstone layers below have low permeability, forming watertight layers. Water generated from precipitation, melting snow and permafrost melting is blocked by the impermeable layer when it infiltrates downward, and the local moisture content increases sharply. Water thus infiltrates the interface between the permeable and impermeable layer, forming a slip zone. Using a combination of geophysical and drilling data, the position of the sliding surface can be determined, as shown by the red line in Fig. 16 . 
Conclusions
Water seepage generated from the melting of permafrost, combined with the infiltration of concentrated summer precipitation, increases the local moisture content in the soil on hillsides, and is the main reason for landslide formation in the northwest section of the lesser Khingan range in China. The landslide in the study area is a shallow creeping consequent landslide in the high-latitude permafrost region. The highly permeable surface soil, the sand and gravel layer, and the silty clay containing a weathered sand interlayer provide a convenient channel for water infiltration, whereas the permeability of the mudstone and siltstone below is very low, forming a watertight layer. Water generated from permafrost melting, precipitation, melting snow and fractured springs rapidly increases the local water content as it infiltrates downward and along the interface between the permeable and impermeable layers to form a slip zone. Soil resistivity values above and below the sliding surface of the landslide mass are clearly different and exhibit an abrupt stratification. There is apparent resistivity layering at the position of the sliding surface, with a sudden decrease in resistivity value. On the GPR profile, the sliding surface is manifested as a low-frequency, highamplitude sync-phase axis, and there is a sudden increase in the amplitude of the radar wave. In practice, these abrupt, abnormal changes revealed in the HDR and GPR results can be used as characteristic markers for identifying the sliding surface position of shallow landslides in this region.
Prospecting of landslides in the study area using three methods, namely HDR, GPR and drilling, reveal basically the same sliding surface position, which suggests that HDR and GPR are fast, economical and reliable methods for site prospecting of landslides. They can be applied to shallow landslides in the high-latitude permafrost region for fast and accurate determination of the sliding surface position, providing a useful reference for engineering projects and for ensuring that appropriate measures are taken.
